INTRODUCTION
During last decades, district heating (DH) has gained in importance because it allows large-scale integration of waste heat, renewable energies and high efficiency fossil plants for house heating and domestic hot water [1] . The use of centralized power plant allows one to reach high efficiency in particular when a combined production of electrical and thermal energy is performed. Nevertheless, due to the daily and seasonal variation of the demand as well as the availability of the resources, an integration from conventional boilers is often required. In this framework, an important aspect to get efficient district heating systems is the selection of optimal operation and management [2, 3] . Different working conditions should be analysed in order to highlight possible issues and potential improvements associated with technical, economic and environmental reasons. In [4] , a review of models to optimize the design of polygeneration systems in district heating network (DHN) is reported. Another important aspect regards the selection of the optimal pumping operations [5] and the maximization of heat production from cogeneration or renewable plants through the modification of the users thermal request [6, 7] . The last point is particularly important in Mediterranean areas, where the morning peak is a typical occurrence, due to the fact that most heating systems are switched off at night. Peak shaving policies are gaining an increasing interest with the goal of decreasing the fraction of heat produced using boilers and increasing the cogeneration exploitation that leads to an increase in the overall DH system performances. Investigations on system responses to configuration variations or user request variation can be achieved using models and simulation tools. This is the reason why modelling has been extensively applied to both DH design [8, 9] and management [10, 11] . Regarding DHNs, two main families of approaches can be used for the modelling [12] : black box approaches and physical approaches. In black box approaches, the nonlinearity that characterize the DHN fluid-dynamic problem is overcome using standard transfer functions or neural networks. In order to build and validate these kinds of models, a certain amount of experimental data, or simulation results, are necessary [13, 14] . Physical approaches, instead, rely on mathematical methods for computing mass flows and temperature distributions in the network [15] . Such models need the topological description of the network (pipe lengths, diameters, connections, friction factors), which is usually based on a graph representation of the network. This allows one to obtain a compact definition of the topology, which can be directly used in matrix calculations [16] . Even if these models are more complex and involve larger computational time, they can be used to simulate the DHN behaviour even when significant modifications of the system are operated, e.g. network expansion, failures in pipes, etc. As far as this second approach is concerned, different types of models have been developed, starting from the pioneering Hardy Cross method [17] . More recently, various models have been proposed in order to overcome the problems related to convergence, computational cost and limitations that affect Hardy Cross method [18] . These methods allow solving the fluid dynamic or the thermal problem and they have been applied to small or medium size networks. Among them it is worth citing the loop equation method [19] (applied to the Zemun supply network with 178 branches, and a length of 4 km), aggregated models [20] (applied to 20 km long network, with 1079 nodes and 10 MW of maximum heat production) and node based model [21] . Both aggregated and node-based models do not solve fluid-dynamic and thermal transient conservation equations within all the nodes of the network [22] . Stevanovic et al. 2009 [22] have solved the thermo-fluid dynamic problem of the Zemun network, neglecting heat losses. In Ben Hassin and Eicker 2011 [23] a model has been designed for the hydraulic and thermal simulation of DHN and applied to the DH network in Scharnhauser Park which is a network with 584 consumers and a total length of about 13.5 km. In both these works no information about computational costs are provided. Computational cost is an important characteristics of a DHN simulation tool for management analysis, in particular when large systems are considered. In fact there are many large district heating networks, which detailed representation involves a high number of nodes and branches. Solution of both the fluid-dynamic and thermal problems may require very high computational resources, therefore an alternative approach has to be used in these cases. In particular a suitable model strategy is required when optimization in transient conditions are requested. This paper presents a new method for solving both thermal and hydraulic problems while analyzing large district heating systems, also involving loops. The model is used to solve separately the transportation network and the distribution networks in order to make the computational cost acceptable. The model capability to reproduce network behavior is tested through some experimental data collected in the Turin district heating system, the largest in Italy, being more than 2500 km long and connecting more than 5500 buildings. Its graph representation is based on more than 60000 nodes. The model predicts the evolution of heat load required during the daily transient. Numerical results are compared with real data. The main novelty of this work is the possibility of obtaining the evolution of the thermal-fluid dynamic quantities in all the nodes of a large DHN through a very fast model. This work It provides the basis for a complete operational optimization, in particular for the optimal exploitation of power plants, storage systems and DHN water pumping system. In this paper it is applied to peak shaving the thermal load of the plants in order to minimize primary energy consumption through optimal schedule of the building requests.
THE THERMO-FLUID DYNAMIC MODEL
In this section the model used for solving the fluid-dynamic and thermal problems of large district heating networks is described. This is based on a one dimensional formulation of the conservation equation (continuity, momentum, energy). The topology of the network is described using a graph approach [16] . Each pipe is considered as a branch delimited by two nodes, which are identified as the inlet node and outlet node on the basis of a reference direction (velocity is positive when the fluid is flowing in the same direction as the reference direction and negative when flowing in the opposite direction). The incidence matrix, A, is used to express the connections between nodes and branches. Matrix A has as many rows as the number of nodes and as many columns as the number of branches. Its general element A ij is equal to 1 or -1 if the branch j enters or exits the node i and 0 otherwise.
The fluid-dynamic model considers the mass conservation equation applied to all nodes and the momentum equation to all branches. In the fluid-dynamic model, a series of hypotheses are considered:
 The unsteady term is not considered since fluid-dynamic perturbations travel the entire network in a period of time of few seconds, smaller than the time steps adopted for calculations (usually >60 s).  Density is considered as constant, which also means that the velocity changes between the inlet and the outlet of a branch are assumed as negligible.
The mass balance of a node can be written as:
where G in are the mass flow rates entering the nodes from the upstream branches, G out the mass flow rates exiting the node and entering the downstream branches and G ext a mass flow rate exiting outwards.
The mass balance equation can be written for the entire network using matrix formulation:
where G is the vector containing the mass flow rates in the branches and G ext the vector that contains the mass flow rates exiting or exiting the nodes outwards. The terms in G ext are different than zero in the case of open networks, i.e. when only a portion of the entire closed circuit is considered (e.g. only the supply or the return network as often considered in the analysis [24] ). In particular, G ext is positive when the mass flow rate enters the network and negative when it exits.
The steady-state momentum equation in a branch for an incompressible fluid is written adding the gravitational term to the static pressure:
where p is the total pressure, while the first and the second terms on the right-hand side terms are the distributed and the localized pressure losses, and the last term is the pressure rise due to the pumps that may be located in the branch. Equation (3) can be rewritten as:
where the term Y is the fluid dynamic conductance of the branch, expressed as:
The friction factor f has been evaluated using an explicit Haaland correlation [25] in order to avoid iterative calculations and thus reduce the computational cost of the simulations.
Momentum equation can be rewritten in matrix form. This formulation is obtained using the incidence matrix and relate the quantities that are defined at the branches (mass flow rates and pressure variations due to friction and pumping) with pressures at the inlet and outlet nodes:
The diagonal matrix Y contains the fluid dynamic conductance of branches. Because of the dependence of Y on the mass flow rates, the system of equations is non-linear. Equation (6) is finally modified by setting proper boundary conditions. At least one pressure should be set in a boundary node. In the case of analyses applied to a closed network, pressure is set on the node representing the pressurization system. In the case only supply or return networkis analyzed, i.e. an open network, pressure is usually set at the master thermal plant. Boundary conditions involving mass flow rates at the nodes (G ext ) are usually expressed when a portion of the network is analyzed. These are imposed at the nodes representing the users and, in the case of multiple plants, at nodes associated with the slave plants.
Because of the non-linearity of Eq. 6 and the coupling between mass and momentum equations, the problem requires an iterative algorithm. The SIMPLE (semi implicit method for pressure linked equation) algorithm [26] has proven to be efficiently applied to this purpose especially in the case of networks with multiple loops and booster pumps. This is a guess and correction method: a pressure vector is first guessed and during the ' iterations it is corrected together with the mass flow rate vector obtained using (6) . Through the initialization P= it is possible to evaluate as ' '
where Y' is built considering P = and an initial guess of mass flow rate G 0 '. Eq. (7) is nonlinear, therefore a ' proper algorithm has to be used for its solution such as the fixed point algorithm [27] . The correction of the mass flow rate and the pressure are defined as:
Combining together equations (6) and (7) it is possible to obtain:
which becomes:
under the assumption of . Substituting Eq. (9) into Eq. (2) it is possible to obtain Eq. (12) .
The substitution of (11) in (12), allows one to write Eq. (12) as follows:
which can be rewritten in a simpler form:
considering:
Eq. (14) can be used to evaluate the pressure correction , while it is possible to evaluate P through Eq.
(8). Furthermore, G can be obtained by using Eq. (11) and Eq. (9). P and G can thus be used as new guess values for the following iteration. The procedure is carried out until the convergence is reached. In order to evaluate the convergence level, residuals can be calculated through Eq. 17 and 18; the convergence is reached when the values R1 and R2 are both lower than the tolerance value. In this case a tolerance value of 0.001 is selected.
To improve the process of convergence, an under relaxation factor (α) can be used while updating pressures and mass flow rates, therefore Eq. (8) and Eq. (9) become:
As regards boundary conditions, the mass flow rates entering and exiting the system are directly set in the vector G ext . To express pressures in nodes (at least one), the boundary value is imposed in the initial guess vector P'; furthermore, no correction is applied on it in order to keep it fixed. This means that matrix H should be modified so that, the row related to the node where pressure is imposed, present all zeros except for the value in the diagonal term which is 1, while vector d is zero in the corresponding row.
A schematic of the SIMPLE procedure is depicted in Figure 1 . Further details can be found in [28] .
The thermal model is based on the energy equation applied to all the nodes of the network. The control volume considered for the analysis is reported in Figure 2 .
This includes the junction, node and half of each duct entering or exiting the junction. Adiabatic and perfect mixing is assumed, such that the temperature of water exiting the i th node through each of the j branches is at the same temperature while heat losses are ascribed to the branches. The energy conservation equation for the i th node, considering negligible both the compressibility effects and the viscous heating, can be written as:
where the first term is the transient term, the second term represents the contribution due to mass flow rates in all the branches connected to the i th node, the first right-hand side term is the conductive term and the last one contains the contribution of thermal source and losses.
The energy equation is expressed in transient form for two main reasons:
1. A network, especially in the case it is large, may be is characterized by a very large heat capacity. 2. Thermal perturbations travel the network at the water velocity, which is of the order of few meters per second i.e. much smaller than pressure perturbations; velocity depends on the request and the portion of network, being typically small at night and in the distribution networks i.e. closer to the users. Temperature variations may thus take a lot of time to reach the thermal plants. Both these phenomena make the thermal load of the plants at a specific time different than the summation of the thermal request of buildings.
Neglecting the contribution of the conduction heat in the fluid along the network and considering the problem as one dimensional we obtain:
Integrating Eq. (22) it is possible to obtain:
where the thermal losses have been expressed as the product of the global heat exchange coefficient U and the temperature difference between the water in the pipe and the temperature of the ground around the pipe. The fact that the control volume shown in Figure 2 is considered implies that heat losses are calculated on the basis of temperature in the nodes. In the case large temperature decrease occurs between consecutive nodes occurs, a better approximation of heat losses can be obtained using additional nodes, which have a numerical role only.
In order to relate branches and nodes an Upwind scheme [29] , that assigns to the j th branch the temperature of the previous node considering the actual fluid flow direction, is used. Equation (23) can be written in matrix form for all nodes:
,
where M is the mass matrix, a diagonal matrix which contains the coefficients (ρcΔV i ) of the dynamic term, K is the stiffness matrix, which includes the coefficients of the term linearly dependent on temperature, and g is the vector containing the known quantities. Dirichlet boundary conditions (i.e. node at imposed temperature) are imposed in all the inlet nodes connected to a single pipe. In the case the inlet node is connected to more than one pipe, the mass flow rates generally mix together, therefore the node temperature cannot be imposed. An inlet mass flow rate with prescribed temperature is imposed instead. In the case of a close network, temperature should be fixed in the node representing the pressurizing system.The whole procedure used in order to evaluate the mass flow rate evolution and the temperature evolution is reported in Figure 3 .
In Figure 4 , the time required to solve a single iteration of the thermo-fluid dynamic model is reported as a function of number of nodes. Calculations have been performed implementing the code in Matlab ® and using a single 3.3 GHz CPU. If the number of nodes becomes large, the computational cost dramatically increases, due to the necessity to solve the conservation equations in all the nodes and branches. The mathematical relation between the nodes and branches in a network is expressed through the Euler's formula, reported in (25) for a single network:
where l is the number of loops, n the number of nodes and b the number of branches. As the number of loops is generally limited compared with the number of nodes, results reported in Figure 4 do not significantly depend on the number of loops. The deviation among the evolution obtained considering a looped network respect to a tree shaped network is of the order of 3%. In the case of large networks, a possible approach to speed up the calculation consists in solving the transport network and distribution networks separately. An example of such approach is considered in next sections. The total heat load required to the network is computed using the energy equation at the thermal plants, which can be expressed as:
where, G RETi is the mass flow rate that enters (and exits) the i th plant ,T SUP is the water temperature at the outlet of the power plants (supply pipeline), T RETi is the water temperature at the inlet of the i th plant (return pipeline) and c the specific heat. Mass flow rates at the various buildings are set as boundary conditions on the supply and return networks. The mass flow rate entering the various power plants, G RETi , is a consequence of the request of the buildings and is adjusted in order to comply with the inlet point temperature on the secondary side. Simulation of supply network allows one calculating the inlet temperature at each building, i.e. in the open nodes where water exits the supply network. Water exiting the heat exchangers in the buildings flows in the return network and mixes with the streams coming from the various buildings. Streams exiting the distribution networks are at different temperatures, due to the different distance of the distribution networks from the plants. In the end, temperature evolution at the plant is significantly different than that at the users. The present model is used for determining the temperature evolution at the plants T RETi , starting from information at the buildings, which is crucial to investigate possible effects of actions operated at the buildings or at the thermal plants, as described in the last section.
APPLICATION
The thermo-fluid dynamic model for district heating networks is here applied to the Turin district heating network, which is the largest network in Italy and one of the largest in Europe. This application has been used in order to show the model capability to analyze large networks in details. The system supplies heat to about 5500 buildings with a total volume of 56 million m 3 . The annual thermal request is about 2000 GWh and the maximum thermal power request is over 1.3 GW. The network is about 2500 km long and its full representation requires more than 60000 nodes. Heating is produced in six thermal plants located in different areas of the network. There are 3 cogeneration groups, 5 groups of boiler systems and 3 groups of storage tanks, located in different areas of the network. The storage capacities are 5000 m 2 for Torino Nord (6 units) and 2500 m 2 for Martinetto (3 units) and Politecnico (3 units). Their thermal power have been evaluated considering a typical temperature difference between the supply and the return and the maximum water mass flow rate which is supplied and extracted at the storage tanks. The latter has been obtained on the basis of the storage volume and the usual discharging time.
A description of the configuration of the plants with their characteristics is provided in Table 1 . The water supply temperature is kept almost constant to about 120°C during winter season while the return temperature varies depending on the total thermal load.
As already mentioned the entire network can be considered as composed of two parts: a transportation network and a distribution network. The transportation network consists in large diameter pipes, usually larger than 200 mm. It is 140 km long and includes 1373 nodes and 1389 branches and 17 loops. This configuration, with multiple loops, is used to limit possible effects of failures as well as to allow better flow distribution. It connects the thermal plants to each distribution network through a node called barycentre. A distribution network supplies water to groups of buildings that are located in the same area. From the fluid-dynamic point of view, the transportation network and distribution networks are a unique network. Barycentres are the nodes where the distribution networks are connected with the transportation network. The separation has been performed with the aim of reducing the computational time required to solve the whole network. In the Turin network there are 182 distribution networks. The distribution networks are generally tree-shaped networks but some of them also present loops. Figure 5 depicts the transportation pipeline network and, in detail, 3 distribution networks.
The barycentres related to the 3 reported distribution networks are called S1, S2, S3. The 3 selected distribution networks are characterized by a very different number of buildings connected. In particular S1 is a large distribution network (>100 users), S2 is a small distribution network (<30 users) and S3 is a medium size distribution network. All the users are connected to the distribution network through heat exchangers. Most of the heat exchangers in the distribution networks are equipped with a flow meter on the primary sides. The inlet and outlet temperatures on the primary side (the distribution network side) and the temperature of water supplied to the building heating systems are also monitored. Data are provided each 6 minutes. This piece of information allows to know the evolution of the heat exchanged at each building and is used here for validating the model.
The buildings that are specifically analyzed in the present work are also reported in Figure 5 ; they are located in the distribution network linked to the barycentre S1 and are indicated U1, U2, U3, U4. These buildings are characterized by different volume, with a consequent different thermal request. The start-up time of their heating systems changes between 3.30 a.m. and 6.30 a.m. Furthermore the heating schedules are different; two of them are always on during the day and they are switched off only during the night, while the others are switched off one or more times also during the day. In Table 2 the time schedules of the heating system of the four buildings are detailed. The model described in the previous section can be used in order to simulate the behavior of the whole network. The mass flow rates at each substation available from measurements cannot be imposed as boundary conditions in the simulation but are obtained through iterative adjustments of the valves. This approach has been used in [5, 13, 30] in order to simulate the main pipeline of the Turin district heating network. In this work the transportation network and all the distribution networks of the Turin district heating system are considered: first the transportation network of the supply pipeline is simulated (Figure 6a ) and then the results obtained are used as boundary conditions to the distribution pipelines ( Figure 6b ). As regards the return pipeline, first the distribution networks are simulated (Figure 6c ) and the results are used as boundary conditions to the transportation pipeline ( Figure 6d ).
RESULTS
The network model provides values of pressure and temperature in each node and mass flow rate in each branch. The analysis is here applied to the transient operation in a specific period of year having in mind different objectives:
 validate the proposed model;
 show the information that can be gained from the model  help discussing possible applications of the model
The validation of the model has been carried out comparing the calculated and measured values of temperature in some nodes of the distribution network and also the heat fluxes exchanged at the various plants. In particular, the temperatures at the inlet section of the heat exchangers, measured on the primary side of the heat exchangers of users U1, U2, U3, U4, shown in Figure 5 are examined. The temperature evolutions obtained with the model are compared with the experimental data in Figure 7 . For each building, the evolution of the corresponding mass flow rate entering the heat exchanger is also appended in order to clarify the system behaviour. During transient, the temperature at the inlet section of user mass flow rate is not constant: at night temperature drops in all the heat exchangers due to the very low mass flow rate in the pipeline (see figure 6 on the right) and the almost constant heat losses. This also means that the ratio between heat transportation and heat losses decreases. During the day, the temperature evolutions present different peculiarities, depending on the heating strategy adopted by the users. In the case of the buildings U1 and U2, temperature is almost constant during the day due to the fact that the system is not stopped. In these figures it is possible to notice that a peak request occurs when the system is switched on. This is related with the decrease in the temperature of the local heating circuit (secondary side) taking place at night. When the system is switched on, the heat flux exchanged at the heat exchanger is much larger than the design value because of the very large temperature difference between primary and secondary sides. System U3 is switched off twice during the day and system U4 once. This can be clearly noticed from the mass flow rate evolution. Each time the system is switched on, the mass flow rate presents a peak even if this is much smaller than that occurring after night. This is because the temperature decrease at the secondary side during the pauses is limited. The comparison between model results and experimental data demonstrates that the model is able to reproduce the daily temperature evolution in the points of the considered network with sufficient accuracy. The mean relative error is lower than 10%. In particular, the model correctly detects the temperature when the heating system is operating. In this phase, the mean relative error drops to less than 2%. Also during the network cooling transient the model simulates properly the temperature reduction, even if the reduction takes place slower. This is mainly due to the heat losses of the thermal substations, which are not considered in the model but are relevant in percentage during stops. This phenomenon is even more evident when systems are stopped during the day: the model detects the temperature reduction but the trend in simulations shows a much slower decrease with respect to the experimental data, especially for building U3.
The return distribution networks have been analyzed to obtain the thermal load evolution. Temperatures of the fluid exiting the various heat exchangers have been set as the boundary conditions for the thermal problem. As a result, the temperature at the nodes connecting the distribution networks at the main pipeline are obtained.
The thermal request to the 3 distribution networks can thus be obtained. The requests of distribution networks S1, S2, S3 are reported in Figure 8 .
In general, the thermal load is quite constant during the last hours of the evening, then it dramatically decreases at 11 p.m. and remains about constant, during the night. These values do not go to zero because some of the connected users require thermal power also during the night. Early in the morning the mass flow rate gradually increases between 5 a.m. and 6.30 a.m. in order to fulfill the start-up requirements. Then it decreases and remains about constant between 8 am and 10 am.
Thermal requests in these networks are very different. This result suggests that the distribution networks cannot be just analyzed as if they were all similar, but the specific behaviour in terms of different thermal capacity and schedules of the various buildings should be considered, particularly when the goal of the model consists in implementing energy saving strategies at a building level. A detailed analysis shows that both the maximum peaks (2704 MW, 309 MW, 172 MW) and the ratio between the peak amplitude and the off peak request, i.e. pseudo steady state request, are quite different. The peak amplitude is evaluated as the difference between the maximum peak and the off peak request. For S1, S2 and S3, the computed ratio between the peak amplitude and the off-peak request are 0.84, 0.87 and 0.80, respectively. No relation to the network size is observed. The ratio between the peak and the night request is quite similar: 0.957, 0.959, 0.969 respectively. The duration of peaks are between 60 and 75 minutes and the shape is very different.
The heat load required to the thermal plants are calculated in order to evaluate the performance indication of the system. Results are reported in Figure 9 . In the examined scenario, which corresponds to a cold day of April, the base thermal power is mainly provided to the Torino Nord power plant, which is a cogeneration power plant. The other cogeneration plant, i.e. Moncalieri power plant, is used only during the start-up transient, in the morning. The energy storage units provide heat in the evening and during the morning peak, while during night they are charged, as shown to the negative values in Figure 9 . The Bit power plant is not used. Comparison with measurements shows that the mean error is lower than 10%, and much lower (about 7%) for the storage systems. The model is able to predict with a good level of accuracy the thermal load required to each thermal plant.
The evolution of total thermal load during the transient between 7.00 p.m. and 10.00 a.m. is reported in Figure  10 . During the evening, the load is almost constant to about 330 MW. In this part the model slightly overestimates the request, mainly due to the small variations in the supply temperature. During the night, the load reduces to about 70 MW and remains almost constant until early morning. In this portion of curve the model is able to simulate real data with good accuracy. The energy demand reaches the maximum value of about 800 MW during start-up, at 6.45 a.m. After that the heat required slightly decreases until a value of about 450 MW.
The thermo-fluid dynamic model is able to predict the peak load position and the requested thermal power. The mean relative error during the stationary thermal request and the peak request is about 5%. However, the small differences occurring between real and simulated power evolution are mainly due to the supply temperature changes as well as on the fact that the data registered by the monitoring system refer to about 50% of the connected buildings, therefore the lacking data have been obtained through extrapolation.
The results provided to the model could be used to predict the thermal power demand and peak load position with different load conditions in order to implements primary energy saving plans strategies.
The computational time needed to solve the thermo-fluid dynamic model for the entire 15 hour transient considering the whole network is about 2 hours on a single 3.3 GHz CPU. Therefore this model can be used in order to simulate large district heating networks with an appreciably low computational cost. In particular it is a very satisfactory result when compared to value of computational cost needed for one iteration of the fluid dynamic model if the network was considered as a single system, which is about 22 hours.
DISCUSSION
The physical simulation tool proposed in the previous sections can be applied to large DH networks to obtain information for optimizing operations and management. Knowledge of the evolution of network variables as the function of time in each node is very useful for different reasons.
One of the most important aspects that can be analyzed is the possibility of thermal load peak shaving. The model can thus be applied for analyzing the effect on the thermal request due to the application of virtual storages or the installation of distributed or decentralized storage tanks. A virtual thermal storage consists intaking advantage of the thermal capacity of the building. The thermal request profiles of some of the buildings connected to a DH network can be modified with the aim of obtaining a peak reduction thermal load. An effective application of virtual storages is possible only if the effect of possible changes in user thermal demand on the global thermal load are known. Knowledge of such relation it is possible through a detailed thermo-fluid dynamic model of the district heating network, able to simulate the temperature and mass flow rate evolution along the network. In Guelpa et al. 2016 [31] the model has been applied to a distribution network in order to find the optimal start-up strategy for the minimization of the primary energy consumption and the thermal peak. Results show that without simulation of the network such evaluation would not be correct because of the time delays, mixing effects and the thermal capacity associated with the pipeline.
In order to perform this kind of analysis a model of the heating system of buildings has to be included. A compact model able to simulate both the substation and the heating system has already been designed and implemented. The substation device is modeled trough a heat exchanger, where district heating network water flows on the primary side and the building heating fluid on the secondary side. The heating system is simulated trough a second, fictitious, heat exchanger, linked on one side with the building heating fluid while on the other side it exchanges heat with the indoor environments. The heat exchangers are modeled using a effectiveness-NTU method. Between the two heat exchangers, a certain time delay is considered for accounting for the average time requested for water circulation on the secondary network. For detail see Verda et al.2016 [32] . The effect of the installation of storage systems on the network should also being examined considering the network model. The reduction of the thermal peak and the consequent primary energy savings can be evaluated for different storage sizes. It is possible to evaluate the best storage volume or position that allow to minimize the primary energy consumption. As an example, the model here has been used to analyze the effects of the future network expansions with and without storages installation. Such expansion in the case of the Turin network has been already planned. In particular the area to be connected is located in a portion of the network characterized by a large energy demand and water velocity and the pipeline is close to the upper limit when a large request is considered. The storage tanks are supposed to be charged between 4.30 am and 5.30 am. In Figure 11a a comparison with and without storages is shown; Figure 11b just shows the peak in details. The presence of the storages induces an increase in thermal request between 4.30 am and 5.30 am and a remarkable reduction of the peak thermal load. This allows the use of the cogeneration plants for a larger fraction of the thermal request. In fact the peak shaving induces a lower use of boiler with a consequent primary energy saving. In particular the maximum peak is reduced of about 60 MW. The total energy amount removed to the peak due to the storages installation, in the day considered, is about 25 MWh. In addition, the maximum mass flow rate in the portion of pipeline towards the area to be connected is kept below the maximum limit.
The model can also be used with the aim of simulating the effects of alternative approaches for adjusting the thermal request. An important aspect for operation management is the evaluation of the effects of the supply temperature changes in the global thermal demand with the aim of quantifying the potential on primary energy consumption. In particular the integration of lower temperature resources, such as waste heat from industrial sites or renewable sources can be analyzed [33] .
CONCLUSIONS
This paper presents a transient thermo-fluid dynamic model of large district heating networks, that can be used for peak shaving analysis. The model has been applied to the largest district heating network in Italy, located in Turin, for the analysis of morning start-up operation. The model is based on a steady state fluid-dynamic model and a transient thermal model of the network. The fluid-dynamic model evaluates the mass flow rates in branches and pressures in nodes using the SIMPLE algorithm. The thermal model determines the temperature in the nodes using an Upwind scheme. The model has been applied to the transportation network as well as to distribution networks. In order to keep computational cost low, the proposed method can be used through a particular approach: the transportation and distribution networks are simulated separately, through the implementation of a boundary condition cascade which transfers information from each portion to the next. The approach used in this work allows one to reduce the time required for simulation of 4 order of magnitude with respect to the full network at once. Simulation of 15 hour operation for the whole network (supply line only) on a single 3.3 GHz CPU is about 2 hours. This is a reasonable amount for a large district heating network. Data calculated at each time step in all branches and nodes offer the opportunity to perform analysis at different levels of the network. The temperatures in various nodes of the network have been compared with experimental data to prove the model effectiveness. Results of this comparison shows that the temperature evolution during the whole day is predicted accurately. Furthermore, the model allows obtaining the thermal power required to each of the plants supplying heat to the network. The total thermal request is also evaluated with a good level of approximation: the average error is about 5%. This is a useful decisional support in operational strategies, such as the evaluation of electricity production by the cogeneration systems, the analysis of thermal peak shaving that can be obtained by installing storage systems, as well as the promotion of night attenuation or variations in the thermal request profile of the users. The present tool allows one obtaining these results with low computational cost, even in the case of large DHNs. Figure 1 . Schematic of the SIMPLE procedure Figure 2 . Schematic of the control volume of a node Figure 3 . Schematic of procedure used to solve the thermal fluid dynamic problem 
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